Several fowlpox virus (FPV) DNA fragments were selected by differential hybridization using cDNA of transcripts that were strongly transcribed early and/or late after infection of QT-35 cells. The EcoRI L fragment contained three strongly transcribed FPV genes: L1L, a late 1452 bp partial (amino end) ORF; L2R, an early/late 522 bp ORF; and L3R, a late 948 bp ORF. The protein products of L1L, L2R and L3R shared homology with the products ofvaccinia virus ( W ) genes H4L (RAP94), H5R (Ag35) and H6R (topoisomerase), respectively, suggesting a conservation of gene structure and order between VV and FPV. The 5' upstream non-coding sequences of L1L and L3R were A + T rich and the sequence 5' TAAATG 3' overlapped the predicted translation start codon. Primer extension analysis of the L2R transcript mapped the transcriptional start sites of early and late mRNAs 14 nt downstream of a VV early promoter-like critical region sequence, AAAATTGAA-AAAAAAA. A VV-like TAAAT late transcriptional element was present 20 nt upstream of the L2R ATG translational start codon. A plasmid with the putative early L2R promoter cloned upstream of the Newcastle disease virus haemagglutinin-neuraminidase (HN) cDNA as a reporter gene was at least 6-fold more effective in generating HN mRNA than plasmids containing the P7.5 or P11 VV promoters in transient expression assays in FPV-infected CEF cells treated with cytosine arabinoside. The L2R promoter was also able to express an amount of HN mRNA equal to that expressed by the W promoters late in infection.
Introduction
There is interest in fowlpox virus (FPV) because of its potential as a vector for recombinant vaccines for poultry (Boyle & Coupar, 1988) . FPV is a member of the genus Avipoxvirus in the family Poxviridae. This large complex avian virus has an A + T-rich dsDNA genome of between 260 and 310 kb (Coupar et al., 1990; Mockett et al., 1992; Zantinge et al., 1995) . The FPV genome is about 70 to 100 kb larger than the vaccinia virus (VV) genome, with 20 to 25 % homology (Mockett et al., 1992) . Since the cytoplasmic replication of FPV does not allow for interaction with nuclear host cell transcription factors, the virus carries within its core all the enzymes and transcription factors required for the immediate transcription of early genes. Late gene expression is presumably dependent on early gene expression and occurs * Author for correspondence. Fax + 1 519 767 0809. e-mail ENAGY @OVCNET.UOGUELPH.CA
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after the initiation of viral DNA replication (Moss, 1990) . Promoter requirements for early, late (Davison & Moss, 1989a, b) and intermediate (Baldick et aL, 1992; Baldick & Moss, 1993) gene expression have been characterized for VV, but not for other poxviruses. The conservation of many molecular features between FPV and VV has enabled the construction of recombinant fowlpox viruses (rFPV). The majority of rFPVs have utilized strong VV promoters to express the foreign genes, although the efficiency of VV promoters in rFPVs is generally lower than that of FPV early/late promoters (Boyle, 1992) .
In this study, the entire FPV genome was screened to identify strong FPV promoters expressed both early and late post-infection. Several restriction enzyme fragments carrying DNA sequences which appeared to be strongly transcribed either early, late or throughout the virus infection cycle were identified by a preliminary analysis of overall transcription of the FPV genome in QT-35 cells. In particular, a 6"5 kb EcoRI fragment hybridized to a small number of very strongly expressed transcripts. Analysis of this fragment led to the identification of one strongly expressed early/late gene designated L2R and two late genes designated L1L and L3R.
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Methods
Virus and cell cultures. FPV (Chick-N-Pox vaccine strain, Salsbury Laboratories, Canada) was cultivated in chick embryo fibroblast (CEF) cells, or in QT-35, a quail cell line (Cho, 1983) .
Virus purification and isolation of FPV genomic DNA. FPV was purified from infected CEF cells by a method from Prideaux & Boyle (1987) . DNA was isolated from purified virus using a procedure adapted from Mackett & Archard (1979) . Briefly, purified virus was lysed at 4 °C for 30 rain in 50 mM-Tris--HC1 pH 7.8, 1 mN-EDTA, 27 % (w/v) sucrose, 1% (w/v) sodium n-lauryl sarcosinate and 100 mu-2-mercaptoethanol. Proteinase K (to 500 gg/ml) was then added and incubated at 37 °C for 2 h. DNA was extracted with phenol/chloroform (Sambrook et al., 1989) , ethanol precipitated and resuspended in TE (10 mM-Tri~HC1, 1 mM-EDTA pH 7.8).
Virus infection, AraC treatment and isolation of total RNA. QT-35 cells were infected with FPV at an m.o.i, of 5. To prevent late gene transcription (Prideanx & Boyle, 1987) cytosine arabinoside (AraC; Sigma) was added to ceils at 50 gg/ml for 1 h prior to infection and up to 18 h post-infection (p.i.). RNA was isolated by the guanidinium thiocyanate single step method (Chomczynski & Sacchi, 1987) .
Preparation of radiolabelled cDNA probes. The procedure for radiolabelling cDNA was adapted from Friemert et al. (1989) . Oligo(dT)-primed first strand cDNA was synthesized from 5 gg of total cellular RNA in a 20 ~tl reaction volume containing 50 mM-Tris-HCl pH 8.3, 50 mM-KCI, l0 mM-MgC12, 10 mM-DTT, 4 raM-sodium pyrophosphate, 0.5 mM-spermidine HC1, 1 mM each of dATP, dTTP and dGTP, 0.5 mM-dCTP, 100 l.tg/mt oligo(dT)x~_lS , 40 U ribonuclease inhibitor, 10 gCi[e-~ZP]dCTP (3000 Ci/mmol) and 20-30 U AMV reverse transcriptase (BioCan). The eDNA synthesis reaction was performed at 42 °C for 2 h and was stopped by the addition of 2 txl of 0.2 M-EDTA. The RNA template was hydrolysed with 0.3 M-NaOH for 30 rain at 60 °C. The solution was neutralized by the addition of 1/10 volume of 1 M-Tris-HC1 pH 7-5 and 3/10 volume of 1 M-HC1. The single-stranded cDNA was precipitated with two volumes of 4 Mammonium acetate and two volumes of ethanol and incubated at -70 °C for 30 rain or at -20 °C overnight. The DNA was recovered by centrifugation and dissolved in 30 pl TE.
High specific activity (1 x 109-5 x 109 c.p.m./gg) second strand eDNA was synthesized from 10-15 ng of single-stranded cDNA template in the presence of random hexanucleotide primers, dATP, dGTP, dTTP, Klenow fragment of DNA polymerase I, and 50-75 laCi [c~-~ZP]dCTP (3000 Ci/mmol) using the BRL random primer labelling kit.
Mapping and Northern blot analysis of highly transcribed fragments.
Restriction enzyme fragments were isolated from agarose gel slices using the Prep-A-Gene kit (Bio-Rad) and labelled with [a-~2P]dCTP using the random primer labelling kit (BRL). RNA isolated from FPVinfected and uninfected QT-35 cells along with RNA molecular weight marker I (Boehringer Mannheim) was electrophoresed in 1.0-1.5 % agarose gels in 1 x MOPS and 6 % (v/v) formaldehyde. RNA was transferred to Nytran membranes (Schleicher & Schuell) and hybridized to [e-a2P]dCTP-labelled cloned fragments.
DNA sequencing and analysis. Plasmid pE68 containing the 6"5 kb EcoRI L fragment was purified using Qiagen columns. The 1.9 kb StyI fragment and the three XbaI fragments of pE68 were subcloned into pGEM-7Z(+). The 1.84 kb XbaI fragment was further digested with BglII and the 1.40 kb XbaI-BglII, 0-07 kb BgtII-BglII and 0-37 kb BglII-XbaI fragmems were subcloned into the XbaI m~d BamHI sites of pGEM-7Z(+). DNA was sequenced with the Sequenase Version 2.0 DNA Sequencing Kit (United States Biochemical) using forward and reverse MI3 universal primers. Internal primers were also employed.
All sequencing was performed in both the forward and reverse direction and the sequenced fragments were completely overlapped.
DNA sequences were analysed with the computer programs CLONE MANAGER and PC Gene. BLASTX homology searches were used to analyse both DNA and protein sequences, using the Experimental GENINFO (R) BLAST Network Service (BLASTER). Sequences were also analysed with CLUSTAL alignments.
Primer extension. The primer extension reactions were carried out according to Sambrook et al. (1989) utilizing a 5'-end-labelled 18-mer primer (5' CATGATGACTGCTATCCG 3') which hybridized starting at 67 nt downstream of the putative ATG at the 5' end of the L2R ORF identified by sequencing. Primer extension products were analysed on a 6 % sequencing gel along with sequencing ladders derived from pE68 and the same primer.
PlasmM construction for transient expression analysis. An expression vector containing the putative L2R promoter upstream of the Newcastle disease virus (NDV) haemagglutinin-neuraminidase (HN) gene as a reporter gene was prepared with two subcloning steps. The 263 bp HinfI fragment containing the promoter sequence was cut from a cloned 1.40 kb XbaI-BglIl fragment, blunt-ended with Klenow fragment and cloned into the Smal site of pGEM-7Z(+). The resultant 170 bp DraI-HindIII fragment was removed by digestion with HindIII (from the multiple cloning site in the plasmid) and DraL The 170 bp fragment was then cloned into pl8RHN (Nagy et aL, 1990) which was first digested with BamHI, blunt-ended with Klenow and then digested with ttindIII. The junction region between the L2R promoter and the HN gene in pL2RHN was verified by sequencing. The pL2RHN plasmid was used in the transient transcription analysis, Plasmids containing the W promoters, P7,5 and Pt 1 were obtained from L. Yuen (Biotechnology Research Institute, Montreal, Canada) and subcloned upstream of the NDV HN gene.
Transfeetion. CEF cells infected with FPV were transfected by electroporation (Ogawa et aL, 1993) . Monolayers of confluent cells in Blake bottles were washed once with PBS and infected at an m.o.i, of 1 for 2 h and overlaid with 30 ml of Eagle's MEM without FBS. After a 5 h incubation period at 37 °C, the medium was removed and the cells were released by trypsinization. The cells were washed twice with 20 ml per bottle of Saline G (0-14~I-NaCI, 1-1 mM-Na~HPO4, 1-SmM-KH~PO 4, 5mM-KC1, 0.011% glucose and 0.5mM-MgCle) and resuspended in a final volume of 2' 1 ml of Saline G. Twenty-five gg of Qiagen column-purified plasmid DNA (pL2RHN, pP 11HN, pP7.5HN) dissolved in 0-1 ml of Saline G was added to 0.7 ml of the FPV-infected CEF cells (about 2-0 x 10 r cells). The DNA and cell mixture was loaded into a 0"4 cm gap electroporation cuvette (Bio-Rad), which was pulsed twice at 300 V and 250 gF. After electroporation, excess plasmid DNA was washed from the samples by diluting each of the samples in 10 ml of Eagle's MEM and then pelleting the cells. The cells from each sample were plated into two 60 mm diameter Petri dishes, in 5 ml Eagle's MEM comaining 4% FBS. (Fig. 1) , DNA fragments ranging from 2.2~5-5 kb in size which hybridized strongly to cDNA are summarized in Table 1 . Larger strongly hybridized DNA fragments were also detected for all enzymes but are not listed in Table 1 or further analysed because they could contain many FPV genes and would not allow for precise mapping.
Mapping of strongly transcribed DNA fi'agments
The position of some of the EcoRI fragments hybridizing strongly to labelled cDNA derived from FPV-infected cell RNA are indicated on the physical map of the FPV genome (Fig. 2 ). BglII and StyI fragments which hybridized strongly to FPV cDNA were mapped to specific EcoRI fragments by Southern blot hybridization. BglII fragments approximately 2.2, 3.1, 3.6 and 4-9 kb in size and StyI fragments approximately 2.7 and 3"3 kb in size were isolated from agarose gels, radioactively labelled and hybridized to Southern blots containing cloned (3.5 to 12.2 kb) FPV EcoRI fragments. The results of these hybridizations are summarized in Table 1 . Some of the BglII and StyI probes hybridized to EcoRI fragments previously identified in the cDNA analysis.
For example, E68 which contained the 6-5 kb EcoRI L early/late 1.1
BglII O, P, Q (4.9)
Styl m, n (2"7) fragment, hybridized to strongly transcribed 3-6 kb BglII and 3.3 kb StyI fragments as well as to the 6-5 kb EcoRI fragment. The results from other Southern blot hybridizations were more complex. For example, the 4.9 kb BgIII DNA fragments hybridized to three different FPV EcoRI clones, E202, E125 and E308, each containing cloned EcoRI fragments 12.2 (C), 9.0 (G) and 4-7 (Y) kb in size, respectively. The 4.9 kb BglII DNA band, according to the BgIII restriction enzyme profile (Zantinge et al., 1995) , represented three co-migrating BglII fragments (O, P and Q) and therefore DNA from this band could hybridize with up to three different EcoRI fragments. (Boyle & Coupar, 1986 ) was included as a probe for comparison because the tlc gene has a weak early/late promoter. A randomly chosen clone, E294 (5"35 kb EcoRI T fragment), was also included as a tYagment identified by the cDNA analysis as not containing strongly transcribed genes. Clones E68, E 108, E172, E202, E229, E308 and E346, relative to the tk and E294 probes, hybridized strongly to RNA transcripts expressed early and/or late during replication. Clones E116 and E125 did not hybridize to RNA transcripts as strongly but hybridization was stronger than for the tkbased probe. The tk probe hybridized only very weakly to a 1.1 kb early/late and weakly to a 2.7 kb late transcript. Of these the 1.1 kb transcript is the tk transcript. The 5.35 kb EcoRI T fragment in E294 was not strongly transcribed as it hybridized only weakly to a single 2-7 kb transcript. No hybridization was observed with total RNA isolated from mock-infected cells (data not shown). The fact that several EcoRI fragments, selected from the initial cDNA analysis, hybridized strongly to RNA transcripts (Fig. 2) showed that the cDNA screening was effective in identifying fragments with strongly expressed genes. Clone E68, containing the 6.5 kb EcoRI L fragment,
Northern blot analysis
BglII BglII to 7 in Fig. 3 ) hybridized with total RNA isolated from FPV-infected QT-35 cells at early and late times of infection (Fig. 3) . All probes hybridized to 1.1 kb late transcripts and probe 7 hybridized most strongly to a 1.1 kb late transcript. Probes 3, 4 and 5, which were beyond the right end of the 2.00kb EcoRI XbaI fragment (probe 1) and to the left of the 0.63 kb XbaI fragment (probe 7), hybridized strongly to the early/late 0'6 kb transcript. Probe 6, which overlapped probes 3, 4 and 5, also hybridized strongly to the early/late 0"6 kb transcript. Probes 3 and 4, mapping within the 1.84 kb XbaI fragment, hybridized weakly to a 2.9 kb late transcript. Probes 1 and 2 hybridized very strongly to a 2.9 kb transcript.
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Sequence analysis of the EcoRI L fragment
Three XbaI fragments and part of the 1.9 kb StyI fragment which hybridized to the abundant 0.6 kb and 1.1 kb early/late transcripts were sequenced. Three putative ORFs were identified and designated L1L, L2R and L3R (where the L represents the EcoRI L fragment, the number indicates the position of the ORF from left to right and the L or R refers to the orientation of the ORF as leftward or rightward; Figs 3 and 4) . The L1L ORF began at nt 1452 (Fig. 4) in a leftward orientation and extended beyond nt 1 in the sequence. The 1452nt of the 5' terminus of L1L encoded a polypeptide of 484 amino acids with an isoelectric point of 6"28 and predicted molecular mass of 57.8 kDa. The amino terminus of the predicted L1L protein shared homology with the RNA-polymerase-associated transcription specificity factor (RAP94) genes of VV H4L (Rosel et al., 1986 ; 54"3 % identity and 76.0 % similarity over the 5'-most 463 amino acids) and of orf virus F2L (Fleming et al., 1993 ; 49"4% identity and 74"4% similarity over the 5'-most 413 amino acids). The L2R ORF (nt 1596 2117; Fig. 4 ) at the far right of the 1.84 kb XbaI fragment (probe 3, which hybridized strongly to the 0.6 kb early/late transcript; Fig. 3 ) was 522 nt in length and in a rightward orientation. The L2R ORF encoded a polypeptide of 174 amino acids with a predicted molecular mass of 19.3 kDa and an isoelectric point of 9"44 which was predominantly hydrophilic for about two-thirds of its length from its amino terminus and more hydrophobic along the one-third at the carboxy-terminal end, but the extreme terminus was still hydrophilic (Fig. 5b) . The L2R protein product shared low homology with the VV H5R protein, Ag35 (Rosel et al., 1986 ; 17 % identity and 52'7 % similarity) and the orf virus F3R protein (Fleming et al., 1993; 17 .2 % identity and 52.0 % similarity). L2R was 53 amino acids shorter than orf virus F3R and 29 amino acids shorter than the VV H5R with differences occurring primarily between residues 25 to 60 of F3R (Fig. 5a) .
The L3R ORF, immediately downstream of L2R, was 948 nt (nt 2121 3068) long and in a rightward orientation, encoding a protein of 316 amino acids with a predicted molecular mass of 37.1 kDa and an isoelectric point of 10.22. The L3R protein was predominantly hydrophilic and shared homology with the topoisomerases ofVV (Rosel et al., 1986; 52 .7 % identity and 79.5% similarity), Shope fibroma virus (Upton et al., 1990 ; 54"3% identity and 79'5% similarity) and off virus, F4R (Fleming et al., 1993 ; 47"0% identity and 77.3 % similarity).
Identification of regulatory sequences for L1L, L2R and L3R
A T A A A T G poxvirus promoter motif which overlaps the translational A T G start codon in most late VV genes (Davison & Moss, 1989b) , was found upstream of the FPV L1L and L3R genes starting at nt 1454 and 2118, respectively. A TAAAT motif in the L2R gene started 96nt (nt 1486) and 24nt (nt 1572) upstream of the translational start codon. A VV-like early promoter critical region (AAAATTGAAAAAAAAA) was also found upstream of the L2R gene, starting at nt 1518.
Since the L2R transcript was the most abundant we mapped the 5' end of this transcript by primer extension. The L2R early transcript 51 end mapped to nt 1547 (Fig.  4) representing a C residue 49 nt upstream of the L2R ORF (Fig. 6) . The 5' end of the L2R late transcripts mapped to nt 1538 1541 as well as to nt 1547 identified (a) for the L 2 R early transcripts. Since typical poxvirus late m R N A s contain short untranslated poly(A) leader sequences at their 5' ends (Bertholet et al., 1987; Schwer et al., 1987) this could also occur for L 2 R late transcripts. 
L 2 R A A A A T T G A A A A A A A A A T A T C A T T A T A A A C G T A A A C G A A C A A A A A A C A T T A A T T GAT C C C C CC C C T GT CT C C C CC CT C C A G A T T G A G C A A T C at g Pll A A T T T C A T T T T G T T T T T T T C T A T G C T A T A A A T A G A A T T C CT C G A G T C T A G A G G A T C C C C C C C C T GT CT C C C C C C T C C A G A T T G A G C A A T C at g
P7.5 A A A A G T A G A A A A T A T A T T C T A / . / C C C A T A A T A G A A T T C CT C G A G T A T A G A G G A T C C C C C C C C T GT CT C C C C C C T C C A G A T T G A G C
Transient transcription analysis of the putative early~late L2R FPV promoter
The relative strength of the F P V L 2 R p r o m o t e r was measured by a transient transcription assay. The L 2 R p r o m o t e r (L2R) and the VV p r o m o t e r s for P11 and P7.5 were fused u p s t r e a m of the N D V H N reporter gene in plasmids designated p L 2 R H N , p P 1 1 H N and p P 7 . 5 H N (Fig. 7a) . The strategy used to construct the p L 2 R H N expression vector resulted in the loss of the VV-like T A A A T critical late p r o m o t e r sequence at nt 1572-1576 (Fig. 4) (data not shown), but was present in FPV-infected cells transfected with these plasmids (Fig. 7b, c) .
The highest amount of HN mRNA seen in FPVinfected and transfected cells was from AraC-treated cells (i.e. early) transfected with pL2RHN. In these cells there was 6"5-and 8.2-fold more HN mRNA detected relative to cells transfected with pP7.5HN and pP11HN, respectively. In infected cells not treated with AraC (i.e. late) the amount of HN transcripts observed for pL2RHN transfected cells was lower but was still 2.4-and 1.2-fold the amount detected for p7.5HN and p 11HN, respectively.
Discussion
In this study at least eight specific small restriction enzyme fragments of FPV DNA were shown to contain strongly transcribed genes and several fragments (e.g., B-3.6, B-3.1, S-3.3 and S-2.7) hybridized strongly with cDNA derived from RNA transcribed throughout the viral infection cycle. The degree of hybridization with labelled cDNA presumably reflected the relative abundance of specific FPV mRNA species during the infection cycle as suggested for herpesvirus transcription (van Santen, 1991; Raab-Traub et al., 1983) . Nevertheless, some highly expressed genes may have been missed. While most early VV mRNA has an average size of 1 kb (Oda & Joklik, 1967) , late poxvirus mRNAs have enormous length heterogeneity and can occur as doublestranded RNA (Colby & Duesberg, 1969) , a poor template for reverse transcriptase. The corresponding cDNAs would therefore be present in relatively low amounts and the corresponding genes would not have been identified as being highly expressed in our assay.
Although the relative level of cDNA, as determined by hybridization, may also reflect turnover rates and halflives of some of the mRNAs, we felt that this preliminary study was adequate for the identification of some specific FPV DNA fragments with early, early/late and late strongly expressed genes. The high level of transcription from these fragments was further confirmed by Northern blot analysis.
The fine mapping and Northern blot analysis of the 6.5 kb EcoRI L fragment (and subsequent sequence data) indicated that there were up to five genes within or overlapping this DNA fragment. The order and orientation of the three FPV genes from the EcoRI L fragment, designated L1L, L2R and L3R, were the same as their respective homologues in vaccinia (H5L, H6R and H7, respectively) and orf (F2R, F3R and F4R, respectively) viruses (Rosel et al., 1986; Goebel et al., 1990; Fleming et al., 1993) .
The homology between L1L and the VV RAP94 proteins (encoded by genes H5L and H4L in the WR and Copenhagen strains, respectively) and the orf virus F2L, suggested that L1L was the FPV equivalent of the RAP94 gene. RAP94 is thought to confer on the RNA polymerase the ability to transcribe dsDNA from early VV promoters in the presence of the early transcription factor (Zhang et al., 1994) .
A 52.0 % similarity was noted between the deduced amino acid sequence of FPV L2R and VV Ag35 (H6R and H5R in the WR and Copenhagen strains, respectively). Ag35 is a major surface antigen with an apparent molecular mass of 35 kDa (Gordon et al., 1991) , although its predicted molecular mass is only 22.3 kDa (Rosel et al., 1986) . Ag35 is found early in VVinfected cells, is associated with localized areas on the spherical surface of developing particles and then becomes evenly distributed over the virion surface. This protein possesses a hydrophilic N-terminal half and an amphipathic C-terminal helix having both hydrophilic and hydrophobic domains on opposite sides of the same helix (Gordon et al., 1991) . Like the Ag35 protein of VV, the predicted 19.3 kDa L2R gene product in FPV was very basic and was predominantly hydrophilic.
The homology between the FPV L3R and other poxvirus topoisomerase genes suggested that L3R was the FPV topoisomerase gene homologue. Poxvirus topoisomerases are suspected to be essential for transcription, replication, recombination and the resolution of viral telomeres (McFadden, 1988) .
The critical region (AAAATTGAAAAAAAAA) for the FPV L2R gene promoter began 30 nt upstream of the early/late RNA transcriptional start site identified by primer extension. This region closely resembled the critical region within the P7.5 promoter (AAAAGTA-GAAAATATA; Davison & Moss, 1989a ) and the optimized sequence of VV early promoters (AAAAAT-TGAAAAA(C/T)TA; Davison & Moss, 1989 a) and the critical region identified within the strong early/late FPV promoter (AAAATTGAATTGTAA; Kumar & Boyle, 1990a, b) .
FPV appears to have early gene transcriptional regulation sequences similar to those of VV. The sequence TTTTTTT, 14 nt downstream of the L2R gene, is a subset of TTTTTNT which controls termination of transcription in VV early genes. The presence of VV-like early transcription termination sequences just downstream of early FPV genes has been described by others as well (Kumar & Boyle, 1990a, b; Binns et al., 1988) .
Most strong late VV promoters are characterized by the presence of the TAAATG element overlapping the mRNA start site. The VV-like TAAAT element was identified 25 nt upstream of the ATG initiation codon within the 5' non-coding region of the FPV L2R ORF. Primer extension analysis of late L2R mRNA mapped the 5' end to 31 to 34 nucleotides (ATTA residues) upstream of the VV-like TAAAT element. In VV late mRNAs poly(A) leader sequences of up to 40 nt in length have been identified and these are thought to arise from a series of abortive initiation events occurring on the first T residue of the ATTTA (coding strand) sequence of the highly conserved TAAAT element (noncoding strand; Ahn & Moss, 1989) . In FPV the cluster of primer extension products from late L2R mRNA which mapped 31 to 34 nt upstream of the TAAAT element could thus reflect the presence of 5' poly(A) leader sequences, varying in length by up to 4 nucleotides. Some primer extension products from late L2R mRNA also mapped to the same position as did the early L2R mRNA product (nt 1547), suggesting that the putative L2R early promoter was also active late in infection. Evidence supporting early promoter reactivation during late VV infection was found by Garces et al. (1993) for the VV early promoter of the 7.5K and rpo30 genes. Also, transcriptional initiation occurring from identical positions for both early and late transcription has already been observed for the FPV early/late promoter (Kumar & Boyle, 1990b ) and the same may occur for the L2R promoter.
The ability of the FPV L2R promoter in pL2RHN to transiently express HN transcripts both early and late during FPV infection of CEF cells, despite the elimination of the putative late promoter TAAAT element, suggests that the TAAAT element was not essential for late expression. Perhaps the second TAAAT element, starting 34 nt upstream of the putative early promoter critical region and 110 nt upstream of the ATG initiation codon (and present in pL2RHN) , was sufficient. Alternatively, the early L2R promoter, like the VV early P7.5 promoter, may have been reactivated. Also the L2R TAAAC or TAAAA (mapping at -4 7 and -5 4 nt, upstream of the L2R ATG initiation codon and corresponding to the transcriptional start site for both early and late mRNA) may have been sufficient for late FPV expression, as is the situation for VV intermediate gene promoters (Baldick et al., 1992) . Fleming et al. (1993) identified an orf virus early/late F3R gene which initiates late RNA transcripts from a TAAAG sequence instead of the VV-like TAAAT sequence. Therefore, the TAAAC or TAAAA sequences upstream of the FPV L2R gene may also behave like the TAAAT sequence in VV.
The two strongly expressed late ORFs, L1L and L3R, had the highly conserved TAAAT element with the transcriptional start sites overlapping the ATG start codon (TAAATG). This further demonstrates the conservation of promoter sequences among poxviruses. However the upstream regions of the FPV L1L and L3R putative late promoters were A + T rich, unlike VV strong late promoter upstream regions which are only T rich.
Early in FPV infection, transient expression of HN RNA controlled by the FPV L2R promoter was at least 6-fold higher than that of the VV P7.5 promoter. This promoter is also efficiently expressed, although only about half as strongly, late in infection. This strong transcription at both early and late times by the FPV L2R promoter is well suited for the expression of foreign genes in rFPVs constructed for use as replicating and non-replicating vaccines. The potential use of FPV as a vector for non-replicating vaccines was demonstrated by the ability of a rFPV that expressed a rabies virus glycoprotein under the control of the VV H6 promoter to protect mammals against rabies (Taylor & Paoletti, 1988) . Strong early/late promoters have been preferentially used in non-replicating rFPV vaccines because in non-avian cell lines late FPV gene expression is delayed and at a lower level when compared to late gene expression in avian cells (Somogyi et al., 1993) .
